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Essentials
• High-dose immune tolerance induction (ITI) is expensive. Management of boys with hemophilia A with inhibitors is a challenge in China.
• We describe a low-dose ITI strategy using plasma-derived factor VIII/von Willebrand factor concentrate +/− immunosuppression in poorrisk patients.
• Inhibitors disappeared in 81.3% patients in 8.8 months and cost was 80% less than high-dose ITI.
• This ITI strategy was cost-effective and enabled ITI to be carried out in a developing country.
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| INTRODUCTION
The development of alloantibodies (inhibitor) that neutralize coagulant activity of factor VIII (FVIII) is the most serious complication related to the treatment of severe hemophilia A, occurring in 20% to 30% of these patients. About two-thirds of FVIII inhibitors developed in these patients with severe hemophilia A are high -titer, which increases the risk for uncontrollable bleeding and morbidity. 1 According to a previous longitudinal study, the incidence of inhibitors in China is similar to that reported worldwide. 2 Immune tolerance induction (ITI) therapy is the most established treatment to eradicate inhibitors. Guidelines suggest that the ITI regimen should be stratified based on pre-ITI Bethesda titer using an escalating dose of FVIII (50 IU/kg every other day
[QOD] to 100 IU/kg twice daily). [3] [4] [5] Although low-dose ITI regimen (FVIII 50 IU/kg thrice weekly or QOD) is recommended only for low-titer inhibitors, this regimen of relatively lower cost is the only widely acceptable therapy in China with economic constraint.
There are now several reports showing that using plasmaderived FVIII containing von Willebrand factor (pdFVIII/ VWF), 6, 7 either alone or in combination with immunosuppression agents, particularly rituximab, could achieve better results in patients who failed first-line ITI or in those with high-titer inhibitors and poor-risk status for ITI success. [8] [9] [10] We report our experience with this low-dose ITI with an immunosuppression strategy in children with hemophilia A with high-titer inhibitors and poor-risk status.
| METHODS
This open-label, pilot, prospective cohort study was registered at ClinicalTrials.gov (NCT03598725) and was approved by the 
| Inclusion and exclusion criteria
Inclusion criteria include (1) boys from 1 to 14 years old with severe or moderate hemophilia A (FVIII < 5 IU/dL based on the initial FVIII level before inhibitor development as tested in the local laboratories); (2) having ≥ 1 poor-risk factors including at least FVIII inhibitor titer ≥ 10 BU before ITI; and (3) ability to follow the study protocol. Exclusion criteria include (1) having congenital or acquired bleeding defects other than hemophilia A; (2) concomitant immunological disease; (3) receiving other immunosuppressive agent(s) (except for rituximab and prednisone used in this study); and (4) inability to follow the study protocol.
| Definitions of poor-risk status and outcomes
Poor-risk status was defined as ≥1 of the following: peak historical inhibitor titer ≥ 200 BU, pre-ITI inhibitor titer ≥ 10 BU, peak inhibitor titer during ITI > 100 BU, age at ITI initiation ≥ 8 years, time since inhibitor diagnosis to ITI initiation ≥ 5 years, and history of ITI failure. 11 ITI outcomes were defined as success-achieving negative inhibitor titer (<0.6 BU); partial success-inhibitor titer continued to be positive but < 5 BU; or failure-partial success not yet achieved at the time of data analysis or ITI discontinued prematurely. 12 Total response represents the combined rate of success and partial success.
| ITI strategy and management
The patients with inhibitor came to our center and were started on ITI as soon as possible. All patients received domestic pdFγVIII/VWF ~50 FVIII IU/kg QOD as low-dose ITI. Immunosuppression would be added according to the following criteria: (1) if inhibitor titer was ≥ 40 BU before or during ITI, rituximab 375 mg/m 2 weekly × 4 weeks (maximum 600 mg) and prednisone 2 mg/kg daily × 1 month (maximum 60 mg, tapering over 3 months) would be added immediately; (2) if the inhibitor titer was < 40 BU before or during ITI but with no downward trend (of at least 15% decline over a 3 months ITI period), prednisone alone (same dose schedule as above) would be added. For the patients receiving rituximab, intravenous immunoglobulin 200 mg/kg was administered every 2 weeks for 6 consecutive months to decrease the risk of infections. 13, 14 Breakthrough bleeding would be treated with bypassing agents when inhibitor titer was > 2 BU. Bypassing agents that could be used include domestic prothrombin complex concentrate (PCC) at 40 to 50 IU/kg every 12-24 hours for 1 to 3 doses (similar to the dosage used for activated prothrombin complex concentrate [aPCC]) or recombinant factor VIIa (rFVIIa; Novo Nordisk) 90 μg/kg every 2 to 4 hours for 1 to 3 doses. 15, 16 If the inhibitor titer was ≤ 2 BU, pdFVIII/VWF 50 IU/kg would be used every 12 to 24 hours for 1 to 3 doses. For patient having frequent or life-threatening bleeding during ITI, prophylaxis would be instituted using a domestic PCC at 40 to 50 IU/kg 2 or 3 times per week.
| Clinic visiting and inhibitor monitoring
Inhibitor titer was tested in the laboratory of the study center by the Bethesda assay (Nijmegen modification) 17 before and 1 to 2 times weekly during ITI until a steady decline was observed. Testing was then performed 1 to 3 times monthly. In vivo FVIII recovery was performed once the inhibitor titer was negative for 2 consecutive months, by measuring FVIII level before and 15 to 30 minutes after pdFVIII/VWF infusion at 50 FVIII IU/kg without a washout period.
After the in vivo FVIII recovery was > 66%, monitoring frequency was reduced to every 3 months.
The inhibitor tests before referral to the study center were performed at the local laboratories. pdFVIII/VWF was administered at the local referral hospital or by home infusion, while rituximab was administered at the study center. Central venous access devices were not used because of the difficulties in their care.
| Cost analysis
The cost of this low-dose ITI strategy was calculated based on the domestic price of each treatment product in China from the start of ITI to the disappearance of inhibitors, and was compared with that of the high-dose regimen reported by Hay et al, 18 also based on cost in China.
| Statistical analysis
Statistical analyses were performed with SPSS version 22.0 (IBM Corp).
The type I error probability was 0.05. Kaplan-Meier survival curves were used to estimate probabilities of inhibitor disappearance over time.
| RESULTS

| Patient characteristics
Sixteen boys with hemophilia A with median age 2.9 (range, 2. At ITI initiation, all 16 patients had pre-ITI inhibitor titer ≥ 10 BU, 1 (6.3%) patient had peak historical titer ≥ 200 BU, 3 (18.8%) were ≥ 8 years of age, 1 (6.3%) was ≥ 5 years from inhibitor diagnosis to ITI initiation, and 1 (6.3%) failed ITI 5 months previously. During ITI, 4 patients (25%) had a peak inhibitor titer > 100 BU. Overall, all the patients had at least 1 poor-risk factor (pre-ITI inhibitor titer ≥ 10 BU) and 43.7% (7 of 16 patients) had 2 or more. Table 1 summarizes the outcomes of ITI.
| ITI outcomes
| All patients
Of the 16 patients, 7 (43.7%) received pdFVIII/VWF alone (ITIalone group), and 9 (56.3%) received pdFVIII/VWF in combination with rituximab and/or prednisone (ITI-immunosuppression group). 
| ITI-alone group
| ITI-immunosuppression group
Nine patients received immunosuppression, of whom 7 received rituximab and prednisone, and 2 received prednisone alone. Success was achieved in 66.7% (6 of 9 patients) in a median of 10.2 months, partial success in 11.1% (1 of 9 patients), failure in 22.2% (2 of 9 patients). Of the 6 successes, 5 achieved FVIII recovery > 66% in a median of 13.2 months. The single partial success case reached an inhibitor titer < 5 BU in 3.9 months from 100 BU but remained partially tolerized for the next 10. Failure: In all, 2 patients failed ITI. Case 1 was a boy with severe hemophilia A whose inhibitor titer at the start of ITI was 281 BU.
This gradually declined to 105 BU over a 6-month period on ITI with added rituximab and prednisone. ITI was stopped when the inhibitor titer increased to 217 BU at the sixth month. Case 2 was a boy with moderate hemophilia A with a pre-ITI titer of 31.4 BU. He was initially on an ITI-alone regimen, and the inhibitors declined to 2.2 BU steadily in the first 4 weeks. The inhibitor titer then increased to 27.8 BU over the next 7 weeks. Prednisone was then added, and the inhibitor again declined and stabilized at < 2 BU. Unfortunately, the titer increased to > 5 BU at 14.3 months, and rituximab was then added. The inhibitor titer decreased but was still > 5 BU at the time of data analysis. infections and 1 case of diarrhea were reported during the first 6 months in 5 of 7 patients after rituximab injection. Severe adverse events were not observed.
| Bleeding control
| Safety
| Cost and consumption analysis (Table 2)
Cost was calculated on the basis of the domestic price of all treat- We also compared the cost of our low-dose ITI/immunosuppression strategy with a high-dose regimen (200 IU/kg/day) according to the data presented in the international ITI study by Hay et al. 18 The expenditure using our regimen was lower by 70% (based on domestic pdFVIII/VWF usage) and by 87% (based on rFVIII usage in China).
| DISCUSSION
This study reports the use of a low-dose ITI (pdFVIII/VWF) +/− immunosuppression strategy to eliminate high-titer inhibitors in patients with hemophilia A having poor-risk status. This strategy achieved a success rate of 81.3%, which is in line with the reported success ranges of 60% to 90% for patients with high-titer inhibitors in the literature. 19 The randomized dose comparison of the international ITI study 18 Without additional immunosuppression, these patients will need the higher-dose strategy for better success.
The potential approaches to improve success rates include increasing FVIII dose, changing to pdFVIII/VWF product, adding immunosuppression or use of rFVIIIFc. 3, 5, 23, 24 In China, pdFVIII/ VWF and immunosuppression are the better choice for economic
reasons. An earlier study showed that negative inhibitor could be achieved in 71.4% in poor-risk status patient undergoing ITI using pdFVIII/VWF alone. 25 Among immunosuppressive agents, rituximab has previously been shown to give a beneficial response rate of 58% in patients who failed first-line ITI, 8 and prednisone is inexpensive and readily accessible. 26, 27 Our patients clearly benefited from the ITI regimen with pdFVIII/VWF ± immunosuppression using prednisone alone or in combination with rituximab depending on inhibitor titer parameters, with almost 80% having their inhibitors eliminated overall and a decrease in bleeding rate.
In addition to rituximab and prednisone, use of other immunosuppressive agents such as intravenous immunoglobulin and mycophenolate mofetil 5 had been reported. Other new drugs targeting T cells (rapamycin) and plasma cells (bortezomib) apparently showed effectiveness in preventing inhibitors formation. 28 Ultimately, how rituximab and prednisone will compare in effectiveness with other immunosuppressive agent(s) and what the best agent(s) is to prevent inhibitors formation, and to eliminate them once formed, will need further studies. On the other hand, there are studies suggesting that remissions achieved through the use of immunosuppressants may have a higher likelihood to recur. 8, 29 The follow-up period in our study was too short to allow determination of recurrences likelihood. A much longer follow-up time is needed.
High-dose ITI is expensive and is not readily affordable for the majority of patients in China, who have limited health insurance in the current health care system. In comparison, our low-dose ITI with immunosuppression strategy is much more affordable and enables ITI therapy to be carried out, as its cost is reduced by 70% to 87%. The monthly bleeding rate of our low-dose ITI strategy is higher than that using high-dose FVIII, 18 together with a longer time period to success (disappearance of inhibitors); thus, the number of breakthrough bleeding will be higher before tolerance in our patients with poor-risk status compared to patients using high-dose ITI according to Hay et al. 18 Our regimen of low-dose ITI using pdFVIII/VWF with added immunosuppression based on inhibitor titer parameters may also be useful for other regions with economic constraint. 
| Limitations
There are a number of limitations in this study. We defined success as achieving a negative inhibitor titer (<0.6 BU), but the inhibitor assay was performed without a washout period, so a low inhibitor titer could have been missed. The patients were mostly referred from other centers and had no knowledge of their FVIII pharmacokinetics before inhibitor development. During ITI, in vivo FVIII recovery results obtained were based on recovery of what was infused and could not be translated into percentage of the original recovery (before inhibitor development) for the individual patient. Also, our inability to carry out FVIII half-life determination regularly also put us at a disadvantage, with inability to use laboratory data to precisely determine the time of complete tolerance. Bias could also have been introduced given that the original diagnosis of inhibitor in most of our patients were made elsewhere in the referring center. We had to depend on what information was made available to us or on recalls of patient families. As a pilot study, the cohort size was relatively small and the follow-up period was short. A longer follow-up time is needed to allow the determination of final response and to document recurrences.
| CONCLUSION
This low-dose ITI strategy using pdFVIII/VWF +/− immunosuppression achieved a relatively satisfactory success rate in boys with hemophilia A having poor-risk status for ITI success. The regimen costs less compared to that of high-dose ITI and therefore enabled ITI therapy to be carried out in a developing country. However, further evaluations in larger cohorts with longer follow-up time is needed, especially to clarify the role of immunosuppression.
